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Summary
Background: Damage to articular cartilage is one of the features of osteoarthritis (OA). Cartilage damage is characterised by a net loss of
collagen and proteoglycans. The collagen network is considered highly important for cartilage function but little is known about processes
that control composition and function of the cartilage collagen network in cartilage tissue engineering. Therefore, our aim was to study the
contribution of collagen amount and number of crosslinks on the functionality of newly formed matrix during cartilage repair.
Methods: Bovine articular chondrocytes were cultured in alginate beads. Collagen network formation was modulated using the crosslink
inhibitor b-aminopropionitrile (BAPN; 0.25 mM). Constructs were cultured for 10 weeks with/without BAPN or for 5 weeks with BAPN followed
by 5 weeks without. Collagen deposition, number of crosslinks and susceptibility to degradation by matrix metalloproteinase-1 (MMP-1) were
examined. Mechanical properties of the constructs were determined by unconﬁned compression.
Results: BAPN for 5 weeks increased collagen deposition accompanied by increased construct stiffness, despite the absence of crosslinks.
BAPN for 10 weeks further increased collagen amounts. Absence of collagen crosslinks did not affect stiffness but ability to hold water was
lower and susceptibility to MMP-mediated degradation was increased. Removal of BAPN after 5 weeks increased collagen amounts, allowed
crosslink formation and increased stiffness.
Discussion: This study demonstrates that both collagen amounts and its proper crosslinking are important for a functional cartilage matrix.
Even in conditions with elevated collagen deposition, crosslinks are needed to provide matrix stiffness. Crosslinks also contribute to the ability
to hold water and to the resistance against degradation by MMP-1.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The functioning of articular cartilage depends on the struc-
ture, the composition and the integrity of its extracellular
matrix (ECM). With cartilage degeneration in osteoarthritis
(OA), changes in its structure and composition of the tissue
occur. Fewer proteoglycans are present in OA cartilage1
even though the rate of synthesis is increased2. Enhanced
cleavage of collagen type II (COLII) is seen in OA cartilage3
accompanied by an increase in COLII gene expression and
protein synthesis in the middle and deep layers of the car-
tilage but not in the superﬁcial layer4,5. Together, these1Supported by a grant of The Dutch Arthritis Association, NR
02-2-40.
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359biochemical changes in OA suggest an activated repair
mechanism that is, however, ineffective in repairing or
maintaining the ECM homeostasis.
The mechanical stiffness of cartilage obtained from OA
patients decreases in relation to the extent of its degenera-
tion6. The same is seen in cartilage from OA animal models,
where the mechanical properties are also changed in addi-
tion to, or as a consequence of the above-mentioned bio-
chemical changes in OA. These changes in mechanical
properties include a decrease of the cartilage compression
stiffness and an increase in the tendency to swell compared
to healthy cartilage7. Recent experiments attribute the me-
chanical properties of cartilage to collagen8,9. For example,
an increase in matrix stiffness is associated with an in-
crease in collagen content and to a lesser extent with the
proteoglycan content in cartilage explants10. Conversely,
the hydraulic permeability of cartilage is more associated
with the proteoglycan content of the explants10. In a recent
study, it was found that the increased swelling and deforma-
tion of osteoarthritic cartilage is highly associated with
the amount of degraded collagen molecules11. As such,
360 Y. M. Bastiaansen-Jenniskens et al.: Contribution of collagen network to engineered cartilagecollagen properties contribute largely to the mechanical,
hence functional characteristics of the tissue and induction
of collagen repair may thus be highly relevant for maintain-
ing or restoring cartilage integrity.
To study cartilage repair mechanisms, endogenous mol-
ecules such as growth factors are often used to promote
regeneration. From these studies it has become clear that
cartilage repair is hampered by low collagen production
whereas proteoglycans are formed in higher amounts12,13.
Consequently, because collagen is important to withstand
mechanical stress, the mechanical properties in these stud-
ies were not optimal. This is shown in cartilage tissue engi-
neering as well when the effect of matrix components on
mechanical functioning is examined. Both proteoglycans
and collagen are associated with increasing mechanical
strength. In one study in agarose constructs, collagen asso-
ciated strongly with the tensile stiffness whereas proteogly-
cans correlated more strongly with the permeability of the
matrix14. In other studies, the stiffness and permeability of
the agarose constructs increased with time when the pro-
teoglycan content was mainly constant and collagen con-
tent still increased12,15.
The results of both the OA cartilage studies and the
tissue engineering studies point out the importance of tar-
geting collagen in cartilage repair. However, this repair
mechanism seems to be ineffective in the case of OA. Un-
derstanding mechanisms of repair of the collagen network
is therefore key for functional repair of cartilage. The pres-
ent study was designed to investigate the contribution of
the collagen network on the functionality of the newly
formed matrix during cartilage repair processes. Speciﬁ-
cally, we investigated the effect of the amount of collagen
and number of collagen crosslinks (two key characteristics
of the collagen network) on mechanical properties and the
resistance towards proteolysis of the newly formed cartilage
matrix in chondrocyte alginate cultures.Materials and methodsCELL CULTUREArticular cartilage was harvested from the metacarpophalangeal joints of
calves aged 6e12 months. To isolate chondrocytes, full-thickness slices of
non-calciﬁed articular cartilage were subjected to pronase (2 mg/ml, Sigma,
St. Louis, MO, USA) digestion for 2 h followed by overnight collagenase B
(1.5 mg/ml, Roche Diagnostics) digestion. The chondrocytes were resus-
pended in 1.2% (w/v) low viscosity alginate (Keltone) in 0.9% NaCl (Sigma)
at a concentration of 4 106 cells/ml, and beads were made as described
previously16e18. Beads that appeared smaller or larger than the average
size after visual inspection were not included in the experiment. After transfer
to six-well plates (BD Falcon, Bedford, MA, USA), beads were cultured in
75 ml/bead Dulbecco’s Modiﬁed Eagle Medium (DMEM)/F12 (GibcoBRL,
Gaithersburg, MD, USA) supplemented with 10% foetal bovine serum (Gib-
coBRL), 50 mg/ml L-asorbic acid 2-phosphate (Sigma), 50 mg/ml gentamicin
and 1.5 mg/ml fungizone (both GibcoBRL). Cells were cultured under threeTable
Sequences of primers and probes or beacons for
Primers
GAPDH Forward: GTCAACGGATTTGGTCGTATTGGG
Reverse: TGCCATGGGTGGAATCATATTGG
COLI Forward: CAGCCGCTTCACCTACAGC
Reverse: TTTTGTATTCAATCACTGTCTTGCC
SOX9 Forward: CAACGCCGAGCTCAGCA
Reverse: TCCACGAAGGGCCGC
COLII Forward: AAGGTTTTCTGCAACATGGAGACT
Reverse: AGATGTGTTTCTTGTCCTTGCTCTTconditions: without b-aminopropionitrile (BAPN) for 70 days (/), with
0.25 mM BAPN for 35 days followed by 35 days without BAPN (þ/) and
with BAPN for 70 days (þ/þ). BAPN blocks collagen crosslinking by inhibi-
tion of the enzyme involved in collagen crosslinking, lysyl oxidase (LOX)19.
Samples were taken after 21, 35, 41, 60 and 70 days of culture for biochem-
ical analysis.ISOLATION OF CELL ASSOCIATED MATRIX (CM)Alginate beads cultured for 35 and 70 days were dissolved by adding
75 ml per bead of 55 mM sodium citrate and 20 mM ethylenediamine tetraa-
cetate (EDTA) in 150 mM NaCl for 20 min at room temperature. The suspen-
sion was centrifuged for 10 min at 1000 rpm (Eppendorf), to separate the
cells surrounded by its CM (the pellet) from components originating predom-
inantly from the ‘interterritorial’ or further removed matrix (FRM; the superna-
tant) from the cells as described previously20e22. However, we cannot
completely rule out the possibility that matrix constituents from the other ma-
trix components were present in smaller amounts.BIOCHEMICAL ASSAYSAlginate beads or separated CM and FRM were digested overnight at
56C in papain buffer (200 mg/ml papain in 50 mM EDTA and 5 mM L-cyste-
ine). Glycosaminoglycan (GAG) amount in the digest was quantiﬁed using di-
methylmethylene blue (DMB) assay as described previously23. The amount of
DNA in each papain-digested sample was determined using Hoechst 33258
dye24 with calf thymus DNA (Sigma) as a standard. High-performance liquid
chromatography (HPLC) of amino acids (hydroxyproline, Hyp) and collagen
crosslinks (hydroxylysylpyridinoline, HP and lysylpyridinoline, LP) was per-
formed by the methods of Bank11,25. The quantities of crosslinks were ex-
pressed as the number of residues per collagen molecule, assuming 300
Hyp residues per collagen triple helix.GENE EXPRESSION ANALYSISFor total RNA isolation, alginate beads cultured for 35 and 70 days were
dissolved in 150 ml/bead 55 mM sodium citrate acid. Each cell pellet was
suspended in 1000 ml RNA-Bee (TEL-TEST, Inc.; Friendswood, TX,
USA) per million cells according to manufacturer’s guidelines, and subse-
quently precipitated with 2-propanol and puriﬁed with lithium chloride. Total
RNA was quantiﬁed using Ribogreen reagent (R-11490, Molecular Probes
Europe BV, Leiden, The Netherlands) according to manufacturer’s
instructions, and 500 ng total RNA of each sample was reverse transcribed
into cDNA using RevertAid First Strand cDNA Synthesis Kit (MBI Fermen-
tas, Germany). For glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
collagen type I (COLI) and SRY-box containing gene 9 (SOX9), each
cDNA sample was ampliﬁed using speciﬁc primers and speciﬁc probes
(Table I, Eurogentec, Seraing, Belgium). For COLII, each cDNA sample
was ampliﬁed using speciﬁc primers and speciﬁc molecular beacons
(Table I, Biolegio, Nijmegen, The Netherlands). Ampliﬁcations were per-
formed as described previously18. Data were analysed using Sequence De-
tector version 1.7 (Applied Biosystems) software and normalised for GAPDH
expression.IMMUNOCYTOCHEMICAL STAINING FOR COLI AND COLIITo prepare cytospins, three alginate beads, which had been cultured for
35 days, were dissolved in 55 mM sodium citrate acid. After ﬁxation in cold
acetone, the cytospins were incubated with monoclonal antibodies against
either COLI (1:2000, ab6308 ABCAM, Cambridge, UK), or COLII (1:100, II-
II6B3; Developmental Studies Hybridoma Bank) at room temperature forI
real-time polymerase chain reaction (PCR)
Probes
Fam-TGGCGCCCCAACCAGCC-Tamra
Fam-CGGTGTGACTCGTGCAGCCATC-Tamra
Fam-TGGGCAAGCTCTGGAGACTTCTGAACG-Tamra
Fam-cgtgcGTCTACCCCAACCCGGCCAGCgcacg-Dabcyl
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(BioGenex, San Ramon, CA, USA) each for 30 min. Freshly prepared neo-
fuchsin substrate was used to achieve staining. After staining, cytospins
were scored for the number of cells positive for COLI and COLII per 100 cells
in four ﬁelds of view per specimen, resulting in a percentage of positive cells.
A chondrocyte was considered positive, when the matrix around the cell was
stained red.MECHANICAL TESTINGFor mechanical characterisation, we used 4 106 cells/ml in 1.2% (w/v) al-
ginate constructs of 3 mm thick and 6 mm in diameter. The constructs were
prepared as previously described by Wong26. After 35 and 70 days of culture,
constructs were mounted on a materials testing machine, the DMA Q800 Dy-
namicmechanical Analyser (TA Instruments, New Castle, DE, USA), in a radi-
ally unconﬁned stress relaxation test with the construct between impermeable
platens, and hydrated in 0.9% saline with the protease inhibitor Complete
(Sigma). A 20% uniaxial compressive strain was applied within 10 s at
a ramped displacement strain rate of 2% s1, based on the measured thick-
ness. The strain wasmaintained constant for 30 min, the load was recorded at
a sampling rate of 10 Hz using a 18 N load cell. The applied load recorded by
the load cell was divided by the cross-sectional area of the construct to calcu-
late the applied stress. The secant modulus was calculated as stress/strain at
10 s, where the stress had its peak response and the strain reached its max-
imum. At the end of the test, the equilibrium aggregate modulus was deter-
mined as stress/strain at 30 min. The secant modulus is related to the
interaction between the solid and the liquid phases and is therefore an indica-
tion for the ability to hold water. The modulus measured at equilibrium de-
pends strongly on the compressive stiffness of the (cartilaginous) solid matrix.IN VITRO ECM DEGRADATIONFig. 1. Effect of (transient) collagen crosslink inhibition on collagen
crosslinking (A) and collagen deposition (B) during 10 weeks of cul-After 70 days of culture, a sample of four alginate beads from each group
was washed with 1 ml 0.9% NaCl, in order to remove the serum used in the
culture medium. Washed beads were incubated for 24 h at 30C in 250 ml
50 mM Tris [pH 7.5], 5 mM CaCl2, 150 mM NaCl, 1 mM ZnCl2, 0.01% Brij-
35, 0.02% NaN3 containing the general proteinase inhibitor Complete
(EDTA-free, one tablet in 25 ml) in the presence or absence of 100 nM re-
combinant human matrix metalloproteinase-1 (MMP-1) (R&D systems,
Oxon, UK), which was activated by 4-aminophenyl mercuric acetate
(APMA; Sigma) and calibrated using an MMP activity assay27. MMP-1 is
one of the proteases involved in the physiological turnover of healthy carti-
lage and therefore chosen as collagenase in this assay to demonstrate the
susceptibility of the matrix to degradation28. The released collagen (soluble
and present in the supernatant) was separated from the insoluble collagen
matrix by centrifugation. The amount of collagen in the soluble fraction rep-
resents the amount of collagen directly released into the medium by MMP-1.
Finally, all fractions were hydrolysed in 6 M HCl and Hyp levels were
determined.ture (n¼ 9). Collagen crosslinking was inhibited by BAPN until day
35 in the þ/ condition. From day 35 onwards, two conditions were
cultured without the presence of BAPN and crosslinks could beDATA ANALYSESformed. In one condition, crosslinks were inhibited during the full
70 days of culture. * Indicates P< 0.002 between the control and
the BAPN þ/ conditions at the same time point. y Indicates
P< 0.001 between BAPN þ/þ and the other two conditions. z Indi-
cates P< 0.005 between BAPN þ/þ and the other two conditions.
Data are shown as meanSD.The experiments were repeated three times. Each experiment consisted
of 3 7 beads per experimental condition for biochemical analyses, 3 2
beads for matrix degradation by MMP-1 and one sample of 10 beads per ex-
perimental condition for gene expression analysis. The experiments for me-
chanical testing were repeated two times with a total of eight samples per
group. Statistical analysis was performed using SPSS 11.5 (SPSS Inc., Chi-
cago, IL, USA) software. All data are presented as mean standard devia-
tion (SD). Control groups without BAPN and groups supplemented with
BAPN were compared with a KruskalleWallis H test followed by a post
hoc ManneWhitney U test.
ResultsCOMPOSITION OF THE MATRIX: COLLAGEN DEPOSITION
AND CROSSLINKINGThe number of HP crosslinks increased with time in the
control condition without BAPN, up to 0.72 0.1 HP cross-
links per collagen molecule after 70 days of culture
[Fig. 1(A)]. When chondrocytes were cultured in the pres-
ence of BAPN, either for 35 or 70 days, almost no crosslinks
were detectable in the newly deposited collagen (0.07 0.1
HP crosslinks per collagen molecule). When BAPN was re-
moved after 35 days (BAPN þ/), collagen crosslinks
were formed from approximately day 40 onwards, reaching
a number similar to the control condition at day 70 [Fig. 1(A)].The inhibition of crosslinking as a consequence of BAPN
was accompanied by increased collagen deposition. In the
control condition without inhibiting the crosslink formation
with BAPN, 8.9 0.7 mg collagen was deposited per bead
after 35 days and 12.7 0.5 mg collagen per bead after
70 days of culture. Culturing chondrocytes in the presence
of BAPN for 35 days resulted in 1.5 times more collagen
(13.6 1.4 mg/bead) than in the control condition. This in-
creased to 1.6 times more collagen than in the control con-
dition after 70 days of culture (20.6 2.8 mg/bead), even
though the crosslink inhibitor was not present anymore
from day 35 onwards. Culturing chondrocytes in the pres-
ence of BAPN for 70 days (BAPN þ/þ) resulted in 1.9 times
more collagen (24.0 0.6 mg/bead) [Fig. 1(B)].
Proteoglycan deposition and DNA content were not inﬂu-
enced by the presence of BAPN. The amount of DNA was
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number of chondrocytes present in the beads. In all the three
conditions, theDNA content and the deposition of the proteo-
glycans increased until day 20 and reaching a plateau there-
after at 0.32 0.03 mg DNA/bead and 32.7 1.7 mg
proteoglycans/bead (data not shown). The data above are
shown per bead because we are interested in the total colla-
gen amount and number of crosslinks and how this affects
the functioning of the tissue engineered construct.QUALITY OF THE MATRIX: MECHANICAL PROPERTIESThe equilibrium aggregate modulus at day 35 was two
times higher in the condition with more collagen but without
collagen crosslinks (BAPN condition) than in the control
condition; 897 277 vs 451 165 Pa [Fig. 2(A)]. The
peak force and subsequently the ability to hold water de-
scribed by the secant modulus were not signiﬁcantly differ-
ent between the two culture conditions at day 35 [Fig. 2(B)].
At day 70, the increase in collagen deposition in the
BAPN þ/þ condition was not sufﬁcient by itself to increase
the equilibrium modulus compared to the control condition
that contained less collagen. At this time point, the equilib-
rium aggregate modulus only signiﬁcantly increased when
the increased collagen deposition was also crosslinked as
was the case in the BAPN þ/ condition [Fig. 2(C)]. The
secant modulus and therefore the ability to hold water
was signiﬁcantly lower than the control in the BAPN þ/þ
condition whereas in the BAPN þ/ condition, whereFig. 2. Mechanical properties of alginate discs cultured for 5 weeks (A&B
and secant modulus (B&D) were examined (n¼ 8). * Indicates P< 0.00
formation. Data are presentedcrosslinks were present, the secant modulus was not signif-
icantly different from the control [Fig. 2(D)].QUALITY OF THE MATRIX: SUSCEPTIBILITY
FOR DEGRADATIONThe effect of modulating the cartilage collagen network
on the degradability of the collagen was examined by sub-
jecting alginate beads cultured for 70 days to the collage-
nase MMP-1. When cultured alginate beads were
incubated with MMP-1, 6.2 0.16 mg collagen was re-
leased in the control condition (which corresponds to
16.2% of the total amount in the alginate beads) and
7.0 0.35 mg in the BAPN þ/ condition (11.5% of total).
This is not signiﬁcantly different from each other and only
1.2 times more than when these beads were incubated
without MMP-1. When beads from the BAPN þ/þ condition
were incubated with MMP-1, 14.9 1.23 mg of collagen was
released from the beads, which is 21.1% of the total colla-
gen amount in the beads. This is 2.5 times as much as
the control condition and almost twice as much as when
no MMP-1 was present during incubation (Fig. 3).STRUCTURE OF THE MATRIX: CM VS FRMThe distribution of the collagen within the alginate bead
was determined by measuring the amount of collagen in
the CM and the FRM. The percentage of collagen in the
CM was 76% of the total collagen in the control condition,) and 10 weeks (C&D). Both equilibrium aggregate modulus (A&C)
2 compared to the control condition without inhibition of crosslink
as mean modulusSD.
Fig. 3. Susceptibility of the matrix for MMP-1 degradation after 10
weeks of culture. Amount of collagen in the soluble fraction directly
after incubation with 100 nM MMP-1 is higher for the matrix without
sufﬁcient collagen crosslinks as represented by the þ/þ condition
than for matrices with collagen crosslinks (/ and þ/), even
when crosslink formation was transiently inhibited (þ/). * Indicates
P< 0.001 compared to the / and þ/ conditions. Data are pre-
sented as mean percentage of the total amount of collagen in the
beadsSD (n¼ 6).
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condition. Thus, slightly more collagen seems to be present
in FRM of the control condition than in FRM of the two
BAPN conditions, although not reaching statistical signiﬁ-
cance (Fig. 4).Fig. 5. Gene expression of COLI, COLII and SOX9, shown as
COLIIeCOLI gene expression ratio (A) and relative SOX9 gene ex-
pression (B). Both parameters are indicative for the phenotype ofPHENOTYPE OF THE CHONDROCYTES
the chondrocytes. * Indicates P< 0.001 compared to the / and
þ/ conditions. Data are presented as mean SD (n¼ 3).Whether the phenotype of the chondrocytes was inﬂu-
enced by the addition of BAPN was investigated by the
SOX9 gene expression29 and the COLII/COLI gene and
protein expression ratio. At day 35 and day 70, the COLII/
COLI ratio was two-fold higher in the conditions where
BAPN was present than in the control conditions
[Fig. 5(A)], due to decreased COLI expression andFig. 4. Distribution of collagen between the CM and the FRM. No
signiﬁcant differences are found in distribution between the three
conditions. Data are shown as mean percentage per compart-
mentSD (n¼ 6).increased COLII expression. When BAPN was removed af-
ter 35 days in the þ/ condition, the COLII/COLI ratio at day
70 was comparable to the control condition, whereas it was
still increased in the þ/þ condition. To support these
changes in collagen gene expression, semi-quantitative
protein expression was determined by immunocytochemis-
try on cytospins of alginate beads cultured for 35 days. In
the absence of BAPN, the ratio between COLII and COLI
positive cells was 90:60% [Fig. 6(A,B)]. When BAPN was
present for 35 days, fewer chondrocytes were positive for
COLI protein which consequently changed the COLII/
COLI protein ratio to 90:40% positive cells [Fig. 6(C,D)].
The COLII staining is also more intense in the presence
of BAPN [Fig. 6(C)]. These protein data are thus in good
agreement with the gene expression data and both support
the observation that BAPN does not adversely affect the
chondrocyte phenotype.
SOX9 gene expression was only signiﬁcantly higher
when BAPN was present at day 35. No signiﬁcant effect
of BAPN addition was observed in the SOX9 gene expres-
sion after 70 days of culture [Fig. 5(B)].Discussion
The present study demonstrates that modulation of the
number of crosslinks and amount of collagen deposited dur-
ing cartilage tissue regeneration has an effect on the func-
tional properties of the construct depending on the amount
Fig. 6. Immunocytochemical analysis of produced matrix after 35 days of culture. Control chondrocytes stained for COLII (A) and COLI (B) and
chondrocytes cultured in the presence of BAPN for 35 days stained for COLII (C) and COLI (D). Magniﬁcation is 100 times, with a 400 times
inset. Positive cells are indicated in red with haematoxylin counter stain (purple).
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of collagen and collagen crosslinks in the functioning of car-
tilage, the alginate culture system was used. In contrast to
explants, the collagen deposition in an alginate culture sys-
tem can be modulated from the beginning and effects of col-
lagen modulation are not inﬂuenced by collagen already
present, as is the case in explants.
We found that more collagen deposition in the BAPN con-
dition after 35 days of culture contributed to the increase in
equilibrium aggregate modulus of the newly formed matrix
even though there are no crosslinks present in the collagen
molecules. The fact that a higher collagen deposition con-
tributes to an improvement of the equilibrium aggregate
modulus is in agreement with previous studies, although
collagen crosslinks were probably present12,15. At 70
days, the increase in collagen deposition alone was no lon-
ger sufﬁcient to increase the equilibrium aggregate modu-
lus: proper crosslinking was also required. This is shown
by the increase in collagen deposition in the BAPN þ/þ
condition at day 70 without an increase of the equilibrium
modulus, while the initial increase in collagen deposition
with subsequent collagen crosslinking did increase the
equilibrium modulus (the BAPN þ/ condition). These ﬁnd-
ings corroborate studies performed in other tissues such as
skin and bone, where mechanical tissue strength and stiff-
ness are also associated with collagen crosslink levels30,31.
Next to enzymatic crosslinks, adult human articular carti-
lage also contains non-enzymatically formed crosslinks,
the so-called advanced glycation endproducts (AGEs).
However, because of the low glucose concentration in our
culture medium (5 mM), it is unlikely that these AGEs areformed during the 70 days of culture32,33. Differences be-
tween culture conditions in levels of non-enzymatic cross-
links and subsequently altered mechanical properties are
therefore not expected. We hypothesise that the effect of
collagen deposition on mechanical stiffness of the matrix
depends on the amount deposited: when a low amount of
collagen is deposited in the ﬁrst 5 weeks of the chondrocyte
culture, a small increase is able to improve matrix stiffness.
When more collagen is deposited, crosslinking of the colla-
gen is needed to further improve the matrix stiffness. The
same hypothesis is applicable for the secant modulus. After
5 weeks of culture, the secant modulus was not signiﬁcantly
affected by the increase in collagen without crosslinks being
present. However, when collagen deposition increased
even more during an additional 5-week culture without the
ability to crosslink, the secant modulus was lower than in
the control condition with crosslinks. This indicates that col-
lagen crosslinks are needed in addition to proteoglycans
(that have previously been shown to be important14) to reg-
ulate the secant modulus and thus the ability of the matrix to
hold water. The ability of the matrix to hold water is impor-
tant for cartilage to resume its original shape and texture af-
ter deformation and is mainly attributed to proteoglycans.
However, we see a decrease in the ability to hold water
even though the amount of proteoglycans in the alginate
beads is comparable in each condition. We therefore hy-
pothesise that collagen crosslinks might be important in
maintaining a dense structure in order for the proteoglycans
to retain the water in the cartilage matrix.
The role of crosslinks in cartilage collagen catabolism
was examined by subjecting the alginate constructs to
365Osteoarthritis and Cartilage Vol. 16, No. 3collagenase (MMP-1) digestion. The data demonstrate that
the presence of pyridinoline crosslinks reduces the suscep-
tibility to MMP-1 degradation. These observations are in
concordance with what was recently found by our group,
where matrices with more pyridinoline crosslinks produced
by skin ﬁbroblasts were less susceptible for MMP-1
degradation34.
To examine whether the modulation of collagen crosslink-
ing and subsequently the collagen deposition had an effect
on the matrix distribution, we determined the collagen distri-
bution between the CM and the FRM. In contrast to a previ-
ous study where collagen was equally present in both
compartments after BAPN treatment22, in the present study
more collagen was deposited in the CM after BAPN treat-
ment with no difference in relative amounts between the
conditions. Since a difference in mechanical properties is
observed when the control condition is compared with the
BAPN þ/ condition, we conclude that this effect is mainly
caused by the difference in collagen crosslinks and that the
distribution over the CM vs FRM does not affect this me-
chanical property in this test system.
Whether the addition of BAPN to the culture medium ad-
versely affected the phenotype and behaviour of the chon-
drocytes was examined with SOX9 gene expression and
the ratio between COLII and COLI gene and protein expres-
sion. In a previous study with BAPN, a positive affect of
BAPN on the chondrocyte phenotype was found. This
was shown by the shape of the chondrocytes and the pro-
duction of collagen types II, IX, X and XI35. In concordance
with this publication, in our studies BAPN had no detrimen-
tal effects on the chondrocyte phenotype, as shown by the
ratio between COLII and COLI gene and protein expression
and SOX9 gene expression. In fact, it appears that addition
of BAPN leads to an increase in SOX9 gene expression
and a higher COLII/COLI gene expression ratio indicating
a possible positive effect of BAPN on chondrocyte pheno-
type. The fact that the protein and gene expression data
are not exactly similar can be explained by the fact that im-
munocytochemistry is semi-quantitative and that only the
number of cells expressing COLI or II protein is determined
and not the absolute amount of protein.
After 10 weeks of culture, 0.7 HP crosslinks per collagen
triple helix were found in the control and the BAPN þ/ con-
ditions. This closely resembles the number found in imma-
ture calf cartilage10. The observed increase in collagen
deposition can be explained by a so-called ‘feedback-
loop’. Normally, speciﬁc integrins on the surface of chondro-
cytes are occupied by collagen molecules leading to a
feedback-loop. In case of crosslink inhibition, collagen can
diffuse further away from the cell resulting in less occupa-
tion of the integrin receptors and less or no feedback, stim-
ulating the cell in collagen production22. Based on our
results, the matrix still remains in the CM. The collagen de-
position remains increased after the removal of BAPN,
which can be explained by the fact that the enzyme LOX
needs to be produced and that the formation of mature pyr-
idinoline crosslinks takes approximately 3 weeks36.
In conclusion, our data imply a signiﬁcant role for both the
amount of collagen and the number of collagen crosslinks in
the mechanical properties of the formed cartilage matrix.
Initially an increase in amount of collagen is sufﬁcient to
increase the mechanical stiffness but at a certain collagen
level, also crosslinks are needed to increase the mechani-
cal stiffness to a higher level. Furthermore, collagen cross-
links also play an important role in matrix integrity by making
the matrix less susceptible for degradation. These data sug-
gest that in reparation of the collagen network, collagenamount but especially crosslinking is important for the me-
chanical properties of the newly formed cartilage, as well
as the susceptibility of the new cartilage for enzymatic deg-
radation. Successful modulation of collagen synthesis and
crosslinking could therefore potentially greatly beneﬁt carti-
lage repair. Several approaches could possibly be used in
future to achieve this, such as the application of growth fac-
tors, the local use of gene therapy techniques or small mol-
ecules to modulate speciﬁc aspects of collagen production,
posttranslational modiﬁcation or crosslinking.Acknowledgements
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